The chemical composition of Populus balsamifera essential oils obtained from spring buds, fall buds, and young leaves were determined by GC and GC-MS analyses. The major constituent, (+)-α-bisabolol, a rare sesquiterpene, was isolated from spring oil using reverse-phase preparative HPLC. The cytotoxic activity of balsam poplar oils and isolated (+)-α-bisabolol was assessed in vitro against human lung carcinoma (A549) and colorectal adenocarcinoma (DLD-1) cell lines. Essential oils were cytotoxic with IC 50 ranging from 35 to 50 μg/mL. (+)-α-Bisabolol exhibited pronounced activity (IC 50 14 μg/mL) against both cancer cell lines. It also exhibited interesting cytotoxic activity (IC 50 23 μg/mL) against human glioma (U251), higher than the one observed for (-)-α-bisabolol (IC 50 34 μg/mL), which is known for its apoptosis-inducing effect against glioma cells.
For the past few years, our research group has been interested in the biopharmaceutical potential of extracts from plants and trees present in the boreal forest, including essential oils [4a-d] . We focused our attention on balsam poplar because the resin obtained from the buds was used by native North American Indian tribes to treat several diseases [5] . Moreover, to the best of our knowledge, there is no study regarding the biopharmaceutical potential of this essential oil. In this work, the chemical composition of the essential oil from balsam poplar buds collected in spring and fall was evaluated and their cytotoxicity against human lung carcinoma cell line (A549) and human colon adenocarcinoma cell line (DLD-1) was assessed.
The essential oils from balsam poplar spring buds (S) and fall buds (F) were studied in order to compare their extraction yield and chemical composition. Very sticky young leaves (YL) were also collected in the spring. Moreover, concerning the spring buds, a kinetic study of the hydrodistillation was performed to determine the influence of the extraction time factor on the chemical composition of the essential oil. Thus, fractions were collected at 60 (F1), 120 (F2), 180 (F3) and 240 (F4) minutes. Table 1 presents the composition of these four samples as well as the composition of the three essential oils (S, F, YL) collected after four hours of hydrodistillation. The yields of extraction were calculated on a dry weight basis (w/w).
All the essential oils and fractions obtained were colorless, except F4, which had a dark yellow color. The yields of extraction obtained for S and YL were similar (3.5% and 3.7%, respectively) whereas the one obtained for F was much higher (6.7%). According to the yields obtained for each fraction (1.8% for F1, 0.7% for F2, 0.4% for F3 and 1.3% for F4), it clearly appears that the oil yield was more important during the first and the last hour. After the fourth hour, the volume of essential oil remained stable. This suggests that it is important to perform the hydrodistillation of balsam poplar buds for four hours in order to extract the highest yield of the volatile compounds.
Fifty compounds were identified using two chromatographic stationary phases. With increasing time of distillation, the total percentage of sesquiterpenes in each essential oil remained stable around 98.5%. However, as hydrodistillation proceeded, a higher amount of (+)-α-bisabolol was measured: 18.2% for F1, 44.6% for F2, 50.2% for F3 and 67.7% for F4. These results were confirmed by measurement of the amount of (+)-α-bisabolol using a standard calibration curve. Indeed, the quantity of (+)-α-bisabolol was higher in the fourth fraction (445 ± 20 mg/mL) than the others (148 ± 13 mg/mL for F1, 325 ± 24 mg/mL for F2, and 394 ± 20 mg/mL for F3). The amount of monoterpenes decreased in the second hour of hydrodistillation and afterwards remained constant, but very low (1.4% to 0.6%). For example, the percentage of trans-α-bergamotene, trans-β-farnesene and δ-cadinene decreased NPC Natural Product Communications 2014 Vol. 9 No. 2 257 -260 with time from 5.0% to 0.7%, 6.6% to 1.2% and 10.0% to 2.2%, respectively. On the other hand, the amount of sesquiterpenes like τ-cadinol, α-cadinol and β-bisabolol increased from 0.7% to 2.2%, 0.5% to 1.8% and 0.5% to 1.8%, respectively. The amount of transnerolidol, which was the second major constituent, increased particularly during the second hour of the process (4.0% to 6.4%).
Qualitatively, the chemical composition of the essential oils from spring buds (S), fall buds (F) and young leaves (YL) did not show any major differences. The three balsam poplar essential oils were mostly composed of sesquiterpenes (around 98.5%) and the amount of monoterpenes was small (0.9 % for S and 0.2% for YL). In agreement with the literature [3c,3d], (+)-α-bisabolol, which is an infrequently occurring natural sesquiterpenoid, is by far the major constituent (31.4-38.7%). According to measurements with the calibration curve, the concentration of (+)-α-bisabolol was much more important in F (334 mg/mL) than in S and YL essential oils (190 mg/mL both). These results suggest that it is more profitable to use fall buds to extract (+)-α-bisabolol. Moreover, concerning the influence of season on the essential oil content, the yield of extraction was nearly twice higher with fall buds (6.7%) than with spring buds and young leaves (3.5% and 3.7% respectively). Hence, these results show that balsam poplar fall buds may represent an interesting natural source of (+)-α-bisabolol.
Cytotoxic activity of S, YL, F essential oils, the four fractions (F1, F2, F3, F4) and (+)-α-bisabolol isolated from S were assessed in vitro against human lung carcinoma (A549) and colon adenocarcinoma (DLD-1) cell lines. Inhibition of cell growth was assessed by DNA quantification using Hoechst assay [6] . Cell lines were incubated in the presence of increasing concentrations of each balsam poplar essential oil, (+)-α-bisabolol and (-)-α-bisabolol, for 48 h. Results presented in Table 2 are expressed as the concentration (μg/mL) inhibiting fifty percent of the cell growth (IC 50 ).
The balsam poplar essential oils S and YL did not display major differences in their ability to inhibit growth of tumor cells (IC 50 35-37 and 36-37 μg/mL, respectively) whereas F exhibited lower activity (IC 50 47-50 μg/mL). Regarding the cytotoxicity of fractions F1 to F4, it appears than F2, F3 and F4 (IC 50 26-28, 23-24 and 26 μg/mL, respectively) were significantly (P<0.05) more active than F1 (IC 50 41-44 μg/mL), which was the fraction with the lowest (+)α-bisabolol percentage (18.6%). Hence, the main constituent, (+)-αbisabolol, was isolated by a combination of flash chromatography and preparative HPLC in order to evaluate its cytotoxic potential.
Contrary to the well-known (-)-α-bisabolol, which is widely used in the cosmetic industry, (+)-α-bisabolol had never been studied for its biological potential since this isomer is scarce in plants [3b,7] . In this study, we compared the cytotoxicity of both isomers against cancer cell lines. Our results revealed that both isomers exhibited similar activity against A549 with IC 50 of 14 and 17 µg/mL, respectively. However, (+)-α-bisabolol (IC 50 14 µg/mL) is slightly more cytotoxic than (-)-α-bisabolol (IC 50 21 µg/mL) against DLD-1 (P<0.05). Since the anticancer activity of (-)-α-bisabolol against glioma cells has been previously demonstrated [8a,8b] , we thought that it would be of interest to compare their respective activities towards the glioma cell line (U251). At the close of this experiment, the growth inhibitory effect of (+)-α-bisabolol on U251 cells (IC 50 23 μg/mL) was higher than the one induced by (-)-α-bisabolol (IC 50 34 μg/mL). However, we could not conclude on the significant difference between those results on U251 cell lines because we did not isolate enough (+)-α-bisabolol from the essential oil to perform a third experiment. Our group has recently demonstrated that the cytotoxic activity of (-)-α-bisabolol against U251 may be improved remarkably by the addition of an α-L-rhamnopyranoside moiety without altering its capacity to cross passively the blood brain barrier [9] . We can hypothesize that such modification may also improve the cytotoxic activity of (+)-α-bisabolol. To the best of our knowledge, (+)-αbisabolol has never before been shown in the literature to inhibit the proliferation of A549, DLD-1 and U251 cancer cell lines.
It is important to mention that the activity of the balsam poplar essential oils is not exclusively due to the cytotoxicity of (+)-α-bisabolol. Indeed, others compounds of the essential oils, such as trans-nerolidol (4.0-5.6%) and α-humulene (0.2-0.7%), have Populus balsamifera essential oil Natural Product Communications Vol. 9 (2) 2014 259 already been reported for their anticancer activity against A549 and DLD-1 (IC 50 5.8-6.4 and 6.1-14.9 μg/mL, respectively) [4b].
Consequently, the cytotoxicity of the essential oils could also be explained by possible additive and synergistic effects between these active compounds and certain other constituents of the essential oil, such as β-caryophyllene (0.1-0.6%) for which a potentiating effect on α-humulene has been demonstrated [10] .
In conclusion, the detailed chemical compositions of the essential oils of balsam poplar young leaves, spring and fall buds were established. Kinetic studies of the hydrodistillation determined the influence of the time factor on the essential oil composition of spring buds. Fall buds were found to contain a higher amount of essential oil than the others and were richer in (+)-α-bisabolol. The cytotoxic activities of these oils were assessed against lung and colon cancer cell lines and all essential oils were found to be active. The two major components, (+)-α-bisabolol and trans-nerolidol, were found to be partly responsible for the cytotoxic effect of the oil. Finally, (+)-α-bisabolol was shown to be more active than the more frequent isomer, (-)-α-bisabolol, towards the glioma cell line. According to NCI criteria an extract or a pure compound is considered moderately active when IC 50 is between 49 µg/mL and 10 µg/mL and strongly active when IC 50 is between 9 µg/mL and 1 µg/mL [11] . b IC 50 values ± standard deviation (concentration inhibiting cell growth by 50%). c Etoposide was used as positive control. d Significantly different from DLD-1 treated with (-)-bisabolol.
Experimental
Collection of plant material: Balsam poplar leaf buds were collected in April 2006 from trees growing wild in the boreal forest in the Saguenay region of Québec, Canada. Young leaves were collected one month later in the same region. Fall buds were collected at the end of September 2006. A specimen was authenticated by Patrick Nadeau (Département des Sciences Fondamentales, Université du Québec à Chicoutimi) and a voucher specimen (No 499678) has been deposited at the Herbarium Louis-Marie of Laval University, Québec, Canada.
Extraction of essential oils:
Essential oils were obtained from freshly harvested buds and young leaves (245 g for spring buds, 120 g for young leaves and 66 g for fall buds) by hydrodistillation for 4 h. A second extraction of spring buds was carried out (200 g) and the essential oil was collected every hour to study the kinetic aspect of the extraction. Thus, during the hydrodistillation, fractions were collected at 60, 120, 180 and 240 min. All the essential oils were dried over anhydrous magnesium sulfate and stored at 4 °C.
Analysis conditions:
The essential oils were analysed by GC on a gas chromatograph Agilent 6890N (FID detector) equipped with a polar Supelcowax 10 column and an apolar DB-5 column (30 m  0.25 mm  0.25 μm) and a split-splitless injection port (split mode). The temperature program was 40 °C for 2 min, then 2 °C/min to 210 °C and held constant for 13 min. The compounds were identified by their retention indices on both columns and by GC-MS using a Hewlett-Packard mass spectrometer 5972 at 70 eV coupled to a HP 5890 equipped with a DB-5 column (same as above). Identification of volatile constituents was made on the basis of their retention indices [12] and their mass spectra, which were compared with reference data [13] . Quantitative analysis: A quantitative determination of (+)-αbisabolol contained in each essential oil was performed by GC-FID. A solution of n-tetradecane (5 g/L) was used as the internal standard. (-)-α-Bisabolol, with a purity of ≥ 95%, was supplied by Fluka. A series of (-)-α-bisabolol standard solutions in hexanes (8 samples each at 10.7, 5.3, 2.7, 1.3, 0.7, 0.3, 0.2 and 0.08 mM, respectively) were prepared. A calibration curve was established for the series of (-)-α-bisabolol standards as the function of αbisabolol content and the ratio R bisabolol (Ratio=α-bisabolol peak area / n-tetradecane peak area). The empirical equation of the calibration curve for α-bisabolol was R bisabolol = (4.53 ± 0.02)  [bisabolol]  (0.2 ± 0.1), and the R 2 multiple correlation was 0.9995.
Isolation of (+)-α-bisabolol:

Cell lines and culture conditions:
Human cells lines (A549, DLD-1, U251) were obtained from the American Type Culture Collection (ATCC). All cell lines were cultured in minimum essential medium containing Earle's salts and L-glutamine (Mediatech Cellgro, VA) to which were added 10% fetal bovine serum (Hyclone) and vitamins (1) (MediatechCellgro, VA). Cells were kept at 37 °C in a humidified environment containing 5% CO 2 .
Cytotoxicity assay: Exponentially growing cells were plated in 96-well microplates (Costar, Corning Inc.) at a density of 510 3 cells per well in 100 μL of culture medium and were allowed to adhere for 16 h before treatment. Increasing concentrations of each essential oil in ethanol (Sigma-Aldrich) were then added (100 μL per well) and the cells were incubated for 48 h. The final concentration of ethanol in the culture medium was maintained at 0.5%, v/v, to avoid solvent toxicity. Cytotoxicity was assessed with cellular DNA assay using Hoechst dye 33342 [6] . Cell lysis was performed by adding a solution of SDS (0.01%) at -80 °C before the Hoechst assay was carried out. Measurements were performed on an automated fluoroskan Ascent F1™ plate reader (Labsystems) using excitation and emission wavelengths of 365 nm and 460 nm. Fluorescence was proportional to the DNA content in each well. Survival percentage was defined as the fluorescence in experimental wells compared with that in control wells after subtraction of blank values. Etoposide was used as positive control. Each experiment
Essential oils and components IC 50 a,b values (μg/mL) A549 DLD-1 U251
Spring buds essential oil (S) 35 ± 1 37 ± 1 Nd Young leaves essential oil (YL) 36 ± 3 37 ± 3 Nd Fall buds essential oil (F) 47 ± 2 50 ± 1 Nd Spring buds essential oil (0-60 min fraction) (F1) 41 ± 4 44 ± 3 Nd Spring buds essential oil (60-120 min fraction) (F2) 28 ± 3 26 ± 2 Nd Spring buds essential oil (120-180 min fraction) (F3) 24 ± 1 23 ± 2 Nd Spring buds essential oil (180-240 min fraction) (F4) 26 ± 3 26 ± 3 Nd (+)-α-Bisabolol 14 ± 5 14± 5 d 23 ± 1 (-)-α-Bisabolol 17 ± 7 21 ± 6 34 ± 5 Etoposide c 0.8 ± 0.2 1.8 ± 0.5 Nd 260 Natural Product Communications Vol. 9 (2) 2014
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was carried out twice in triplicate. IC 50 results were expressed as means ± standard deviation.
Statistical analysis:
Data were subjected to one-way analysis of variance followed by Student-Newman Keuls post-hoc test and were considered significantly different when P<0.05. All computations were made using statistical software Sigma-Stat version 3.5.
